2-Pyrrolidone is not known to occur in nature but its hydrolysis product, -y-aminobutyric acid, has been found in many natural materials-in brain tissue (Awapara et al., 1950) , yeast extract (Reed, 1950) , potato extract (Steward et al., 1949) , sugar beet molasses (Mariani and Lorraca, 1951) , and in hydrolyzates from a variety of microorganisms (Work and Dewey, 1953) . Bessman et al. (1953) have described ay-aminobutyric-glutamic transaminase in brain tissue of the rat, calf, and rabbit. These authors found that succinic semialdehyde and glutamic acid were the products of the reversible transamination. Roberts and Bregoff (1953) reported that in undialyzed homogenates of mouse brain tissue both -y-aminobutyric acid and ,B-alanine transaminated with a-ketoglutaric acid to form glutamic acid. Pyridoxal phosphate did not stimulate the transaminase activity of these undialyzed homogenates. Kinney and Werkman (1957) recently reported a y-aminobutyric acid-glutamic acid transaminase in propionic acid bacteria, observed this transamination in preparations of Aspergillus fumigatus and Escherichia coli.
By use of an enrichment culture technique, a bacterium (identified as a strain of Pseudomonas aeruginosa) has been isolated which utilizes 2-pyrrolidone as a sole source of carbon and nitrogen. A hydrolysis reaction has been implicated as the initial step in the metabolism of 2-pyrrolidone, and a y-aminobutyric-glutamic transaminase has been found in cell-free preparations of the bacterium. Pyridoxal phosphate did not stimulate the activity of this transaminase, even after prolonged dialysis, nor did it reverse inhibition thereof caused by hydroxylamine. It has been found, however, that pyridoxal phosphate stimulates -y-aminobutyricglutamic transaminase activity in cell-free preparations obtained from cells grown in the presence of an inhibitory concentration of isoniazid.
MATERIALS AND METHODS
Microbiological methods. Soil enrichment cultures were prepared by inoculating garden soil into the following medium; composition is given in g per L: glucose, 0.1; K2HP04, 0.5; KH2P04, 0.5; CaCl122H20, 0.01; MgS04-7H20, 0.01; and 2-pyrrolidone, 4.0. Isolations were made from the enrichment cultures onto an identical medium containing 2 per cent agar.
The following basal salts medium was employed in studying utilization of 2-pyrrolidone, other saturated heterocyclic compounds, and amino acids; composition is given in g per L: K2HP04, 0.5; KH2P04, 0.5; CaCl122H02 , 0.01; and MgSO4 -7H20, 0.01. To this basal salts medium the substance under investigation was added aseptically. Cultures were grown in 50 ml of medium contained in 250-ml Erlenmeyer flasks and subjected to continuous agitation on a rotatory shaker at 28 C.
Measurement of growth. Bacterial growth was determined by measuring optical density in a Klett-Summerson photoelectric colorimeter fitted with a blue filter. When pigment was produced, the value of the optical density of the suspension was corrected by subtraction of the value for the optical density of the filtrate obtained after passage through an ultra fine sintered glass filter.
Cell-free preparations. The bacterium was grown in the basal salts medium to which was added per L: 2-pyrrolidone, 1.0 g; and glucose, 2.0 g. Addition of glucose was found to increase the cell yield. Cells from 500 ml of medium were harvested at the end of 24 hr and washed twice with distilled water. The washed cells were placed in 20 ml of 0.1 M, pH 7.6, phosphate buffer and subjected to sonic disruption in a Raytheon 9-kc sonic oscillator for 15 min. A plate voltage 674 on October 15, 2017 by guest http://jb.asm.org/ Downloaded from of 120 v was employed, and the apparatus was cooled with water at 4 C. After this treatment, the suspension was centrifuged at 2800 X G for 20 min, at 6 C, in an International refrigerated centrifuge. The cell-free supernatant was removed and centrifuged a second time under the same conditions; the resulting opalescent supernatant was used as enzyme source.
Simultaneous adaptation. Cells of P. aeruginosa were grown for 12 hr in the basal salts medium to which glucose, 2 g and (NH4)2SO4, 1 g (I) were added. Aliquots of these cells were inoculated into the basal salts medium to which either y-aminobutyric acid, 3 g (II) or 2-pyrrolidone, 3 g (III) was added as the sole source of carbon and nitrogen. After 12 hr adaptation to these substrates, cells from medium III were inoculated into medium II and cells from medium II were inoculated into medium III. Cells were washed three times with distilled water at the end of each 12 hr period and the optical density of all inocula was adjusted to fall between 0.300 and 0.360. result from the contact of a cell-free extract with 2-pyrrolidone, nor has the appearance of ammonia been detected upon Nesslerization of reaction mixtures. However, a transaminase for y-aminobutyric acid, the product resulting from chemical hydrolysis of 2-pyrrolidone, was found in cell-free preparations. Glutamic acid was established, by two dimensional paper chromatography, as the amino acid product of the transamination reaction.
Simultaneous adaptation to 2-pyrrolidone and ,y-aminobutyric acid. Although the production of ,y-aminobutyric acid from 2-pyrrolidone was not detected in experiments with cell-free preparations, it was felt that the presence in cell-free extracts of a transaminase for y-aminobutyric acid, the chemical product of hydrolysis of 2-pyrrolidone, provided indication of the pathway for metabolism of 2-pyrrolidone in P. aeruginosa.
In order to test this hypothesis, advantage was taken of the fact that y-aminobutyric acid and 2-pyrrolidone appeared to be attacked adaptively by P. aeruginosa, as can be seen from table 3, lines 1 to 4. It was postulated: if 2-pyrrolidone gave rise to y-aminobutyric acid, then cells which had become adapted to 2-pyrrolidone should grow without lag in the basal salts figure 1 are shown data on the rate of formation of glutamic acid as a result of transamination between y-aminobutyric acid and a-ketoglutarate. The reaction, at the concentrations of substrates supplied, appears to be zero order over a 3 min interval.
In order to determine the pH optimum, double strength phosphate buffers were prepared with the pH values: 6.7, 7.2, 7.6, 8.0, and 8.8 (table  4) . The extracts were prepared in distilled water, and 0.25 ml of this extract was added to 0.25 ml of the appropriate, double strength buffer. The rates were determined, as described previously, at intervals of 30 sec over a total time of 180 sec; the rate at each pH value was calculated from the six point curve thus obtained. 
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The activity of the extract maintained in an ice bath remained fairly constant during the experiments; from successive rate measurements it was determined that the standard deviation of a measurement was 0.010. It is seen from table 4 that the pH optimum for this transaminase reaction appears to be 7.6 in 0.1 M phosphate buffer.
c. Effect of dialysis upon enzyme activity. Figure  2 shows Table 5 shows that hydroxylamine hydrochloride, at a concentration of 2.1 X 10-4 M, inhibited both -y-aminobutyric-glutamic transaminase and aspartic-glutamic transaminase. The addition of pyridoxal phosphate (100 or 200 mg) to the system did not reverse inhibition of the -y-aminobutyric-glutamic transaminase, whereas 100 Mg of pyridoxal phosphate partially reversed inhibition of aspartic-glutamic transaminase. Larger aliquots, up to 50 ,L of supernatant, were taken from the y-aminobutyricglutamic transaminase reaction mixture, but no increase in glutamic acid concentration was detected when pyridoxal phosphate was added to the inhibited system. e. Effect of isoniazid upon y-aminobutyricglutamic transaminase. The addition of isoniazid (10, 100, or 200 Mg) to the cell-free enzyme system failed to inhibit the y-aminobutyricglutamic transaminase. On the other hand, incorporation of 2.9 X 10-3 M isoniazid in the culture medium decreased growth by 50 per cent. Enzyme preparations from cells grown with and without isoniazid were obtained, and the effect of 100 Mg pyridoxal phosphate upon the two systems was determined. Table 6 shows that the cell-free extract from cells grown with isoniazid contained only one half as much transaminase activity as cells grown without addition of isoniazid. This comparison was based on the transaminase activity per mg of protein, i. e., specific activity. A unit of activity was arbitrarily defined as the production of 10 Mg of glutamic acid in 10 min at 37 C, in 0.1 M phosphate buffer, at pH 7.6. Specific activity is expressed in terms of unit activity per mg protein.
All reactions were carried out at 37 C, in 0.1 M phosphate buffer at pH 7.6. The reactions were stopped by the addition of trichloracetic acid after 10 min; 25 ML of supernatant was applied to the paper for chromatographic analysis. Pyridoxal phosphate was incubated for 10 min with the cell-free extract prior to the addition of substrates.
DISCUSSION
The utilization of five-membered saturated heterocyclic ring compounds by P. aeruginosa seems to be limited to compounds with one of the configurations about the nitrogen atom as diagrammed in figure 3 . These arrangements are found in 2-pyrrolidone (I), proline (III), and pyrrolidone-carboxylic acid (II). The secondary amine nature of the nitrogen of each compound is essential; substitution of the hydrogen by a methyl group, to give N-methyl-2-pyrrolidone, results in a compound that is not utilized by this organism. The presence of electronegative substituents on both carbons adjacent to the nitrogen (as in succinimide) also renders the pyrrolidine ring nonutilizable. Whereas both the -y-lactam ring (2-pyrrolidone) (Vogel and Davis, 1952) ; degradation of hydroxyproline appears to follow a similar path (Taggart and Krakaur, 1949) . The degradation of pyrrolidone carboxylic acid has also been found to involve an oxidation (Maruyama and Nomura, 1956) . By analogy with the metabolism of these three compounds, oxidation of 2-pyrrolidone might be expected to occur between the nitrogen and 5-carbon of the ring. However, no indication of oxidative attack upon 2-pyrrolidone has been obtained. It appears that 2-pyrrolidone differs from the three closely related compounds: proline, hydroxy-proline, and pyrrolidone carboxylic acid, in that it is attacked hydrolytically rather than oxidatively. This may be due to the pure lactam structure, and consequent single cyclic peptide linkage which occurs in 2-pyrrolidone.
The transaminase for the hydrolytic product of 2-pyrrolidone was found to mediate transamination only between -y-aminobutyric acid and a-ketoglutarate. It is not, evidently, a general transaminase for N-terminal amino acids.
Both 'y-aminobutyric-glutamic and asparticglutamic transaminase, present in cell-free preparations of P. aeruginosa, lost activity when subjected to prolonged dialysis. The y-aminobutyric-glutamic transaminase did not respond when pyridoxal phosphate was added to the system, whereas the aspartic-glutamic transaminase was reactivated by pyridoxal phosphate. These results may be taken as indication that if pyridoxal phosphate were the functional cofactor for the 'y-aminobutyric-glutamic transaminase, it must be bound with sufficient strength so that conventional dialysis does not cause its dissociation. Inhibition of transaminase activity by hydroxylamine hydrochloride supplied an indication that a carbonyl or aldehydic group is involved in the y-aminobutyric-glutamic transaminase reaction.
Several investigations have indicated that isoniazid has an anti-vitamin BI action; isoniazid is known to be a weak competitive inhibitor of pyridoxal phosphate requiring enzymes (Davison, 1956) . Although isoniazid failed to inhibit cellfree transaminase activity, it was found that cells grown in an inhibitory concentration of isoniazid showed increased y-aminobutyric-glutamic transaminase activity when pyridoxal phosphate was added to cell-free preparations. No stimulation was obtained by addition of pyridoxal phosphate to transaminase preparartio.ns from normal cells.
The metabolism of 2-pyrrolidone by P. aeruginosa is tentatively represented in figure 4. found to utilize 2-pyrrolidone as a sole source of carbon and nitrogen. Ability of the organism to utilize this substance appeared to be adaptive; by use of a simultaneous adaptation method, y-aminobutyric acid has been implicated as the hydrolytic breakdown product of 2-pyrrolidone.
An active 'y-aminobutyric-glutamic transaminase was found in cell-free preparations of P. aeruginosa. The transaminase appeared to be specific for 'y-aminobutyric acid and a-ketoglutarate. When subjected to prolonged dialysis, loss of enzyme activity occurred which was not restored by addition of pyridoxal phosphate.
The transaminase was inhibited by hydroxylamine hydrochloride and cell-free enzyme preparations from cells grown in the presence of an inhibitory level of isoniazid were stimulated by pyridoxal phosphate.
